† Background and Aims Although the causes and consequences of seedling herbivory for plant community composition are well understood, the mechanisms by which herbivores influence plant species recruitment to the established phase remain less clear. The aim was to examine how variation in the intensity of seedling herbivory interacts with growth-defence trade-offs and herbivore feeding preferences to affect plant community development. † Methods Using 14-d-old seedlings of Trifolium pratense and T. repens, relative growth and susceptibility to herbivory by the snail Helix aspersa was quantified to elucidate putative growth-defence trade-offs for these species. Then mixed assemblages of 14-d-old Trifolium seedlings were exposed to herbivory by zero, two, five or ten snails and determined how variation in the intensity of herbivory affected competitive interactions into the mature phase (as measured by total plant biomass at 120 d old). † Key Results In the absence of herbivory, communities were dominated by T. pratense; a result expected on the basis that it yielded larger and presumably more competitive seedlings. However, when seedlings were exposed to herbivory, the balance of competition shifted. At low levels of herbivory (two snails), both Trifolium species contributed equally to total plant biomass. More intense herbivory (five snails) resulted in almost total mortality of T. pratense and dominance of the mature community by T. repens. The most intense herbivory (ten snails) effectively removed all seedlings from the experimental community. † Conclusions The study illustrates a mechanism whereby spatio-temporal fluctuations in seedling herbivory, when coupled with species-specific variation in competitive ability and sensitivity to herbivore attack, can differentially influence plant recruitment into the mature phase. This mechanism may be a key element in our attempts to understand plant species coexistence, since fluctuations in plant recruitment are fundamental to the many theories that view coexistence as a consequence of a spatio-temporal lottery for dominance over regeneration micro-sites.
INTRODUCTION
Largely due to their small size and total reliance on the nutrient reserves stored within their cotyledons, seedlings represent the most vulnerable stage of the plant life cycle Fenner and Thompson, 2005) . Although a number of agents, including disease, competition, nutrient limitation, drought and trampling can often result in the death of entire seedling cohorts, foremost among the factors limiting seedling recruitment is herbivory (Moles and Westoby, 2004; Fenner and Thompson, 2005) . In addition to the more obvious effects that herbivores have on seedling demography (Linquist and Carroll, 2004; Maron and Kauffman, 2006) , the selective removal of seedlings exerts long-lasting effects on plant community composition through differential recruitment of component species to the established community (Hanley et al., 1995a (Hanley et al., , 1996a Howe et al., 2002; Asquith and Mejia-Chang 2005; Beckage and Clarke, 2005) .
Although seedling age (Hanley et al., 1995b; Scheidel and Bruelheide, 2004) , phenology (Hanley et al., 1996a, b) , and neighbour environment (Bergelson, 1990; Hanley, 2004 ) are important factors, seedling selection is based primarily on the expression of anti-herbivore defences (Hanley and Lamont, 2001; Burt-Smith et al., 2003; Rafferty et al., 2005) . Even from a relatively early age, seedlings possess a diverse array of secondary metabolites, although their development and deployment varies between species and ontogenetic stages (Schaffner et al., 2003; Barton, 2007; Elger et al., 2009) . Consequently, variation in the expression of antiherbivore defences may be pivotal in dictating the likelihood of seedling herbivory and, therefore, seedling survival. However, chemical or structural defence is generally predicted to entail some kind of cost to the plant that possesses them (Herms and Matson, 1992; Hanley et al., 2007) . Where these costs are apparent they are often manifest in the form of reduced fecundity or growth (Fine et al., 2006; Glynn et al., 2007) , although such fitness costs have not been established for all plant species (Koricheva, 2002; Haring et al., 2008) and there is a relative paucity of information regarding growthdefence trade-offs for seedlings (Kelly and Hanley, 2005; Hanley et al., 2007) . Nonetheless, even at the seedling stage, plants are assumed to face an allocation choice between investment of resources in anti-herbivore defence, or rapid onward (Herms and Mattson, 1992; Boege and Marquis, 2005; Kelly and Hanley, 2005) . This trade-off may go a long way towards explaining how selective seedling removal has so marked an effect on plant community composition. Recent studies in the Amazonian forests of Peru, for example, suggest that a growth-defence trade-off during the recruitment stage influences the structure and composition of mature forest communities (Fine et al., 2004 (Fine et al., , 2006 . Thus, species with relatively well-developed seedling defences are at a significant advantage over faster-growing, but poorly defended species when recruitment coincides with intense seedling herbivory. However, when seedling herbivory is relaxed, the faster-growing species dominates the plant community by virtue of its superior competitive ability. This kind of relationship has also been invoked to explain patterns of seedling recruitment in grassland plant species (Hanley et al., 1995a; Kelly and Hanley, 2005) . Although there have been few experimental tests of this hypothesis, when coupled with the inherent unpredictability of seedling herbivory, the growth-defence trade-off clearly has the potential to influence plant community composition via interactions between seedlings vying for dominance of regeneration micro-sites.
Although herbivory is frequently viewed as a characteristically patchy process (Adler et al., 2001; Maron and Crone, 2006; Johnson et al., 2008) , studies on spatio-temporal variation in seedling herbivory are limited. Nevertheless, Izhaki and Ne'eman (1996) and Manzaneda et al. (2005) describe significant spatial variation in seedling losses to porcupines and Lepidoptera, respectively, in Mediterranean pine forests, while several authors (Hanley et al., 1996a, b; Hill and Silvertown, 1997; Scheidel and Bruelheide, 2004) report seasonal variation in seedling attack by molluscs. In addition, Barnes and Weil (1944) and Symondson et al. (2002) demonstrate important year-to-year changes in mollusc populations. As the principal seedling herbivore in temperate ecosystems (Jennings and Barkham, 1975; Crawley, 1997) , spatiotemporal fluctuation in mollusc abundance may be particularly important in shaping interactions between temperate grassland plant species. Weiner's glasshouse study (Weiner, 1993) , for example, showed how increasing snail number (a surrogate for variation in the intensity of herbivore pressure) acted to increase plant size variability (PSV) in Hypochaeris radicata. Variation in plant size, brought about in this case via the interaction between snail herbivory and plant density, is fundamental to plant competition (Weiner, 1985; Wiegand et al., 2008) and can significantly alter the balance of plant competition at the regeneration stage (Hanley and Groves, 2002) .
Nevertheless, while there are clear conceptual grounds to suppose that spatio-temporal variation in the intensity of mollusc herbivory influences patterns of plant community composition, this interaction is poorly understood. The aim of this study was to examine how competition between two closely related, sympatric chalk grassland plant species was influenced by variation in snail herbivore pressure during the seedling stage. The first objective was to determine whether a growth-defence trade-off existed for the study species, since the effect of snail herbivory on between-species competition would be dictated by the balance between competitive ability and susceptibly to herbivore attack. The second objective was to determine whether selective removal of a more acceptable, but superior competitor by snails could allow the subordinate species to dominate the experimental plant community by virtue of having more resistance to herbivore attack. As part of this second objective, the following hypotheses were tested: (1) that when combined with the growthdefence trade-off, variation in herbivore pressure imposed on competing seedling species can significantly alter patterns of plant species composition into the mature stage, and (2) that variation in seedling herbivory will influence plant competition via changes to seedling size hierarchies.
MATERIALS AND METHODS

Seed collection and germination
Seeds of Trifolium repens L. and T. pratense L. were collected from over 20 maternal plants growing in the same chalk grassland community at Weather Hill (51815 0 N, 1842 0 W), Salisbury Plain, southern England during September 2004. A sympatric, congeneric pair was selected on the basis that their shared evolutionary history confers a fundamental physiological similarity, increasing the likelihood and intensity of competition (Kelly and Bowler, 2005; Kelly and Hanley, 2005) . The study by Hulme (1994) also suggests that the two species vary in their susceptibility to mollusc attack at the seedling stage (T. pratense being more vulnerable than T. repens). Seeds were set to germinate in 90-mm-diameter plastic Petri dishes containing two layers of 90-mm-diameter Whatman No. 1 filter paper and 5 mL of distilled water. The dishes were maintained in a dark incubator set at 15 8C.
Relative seedling acceptability and growth
Immediately following radicle appearance, seedlings were transferred to 50-mm-diameter plastic plant pots containing rendzina soil collected from Weather Hill and sieved through a 15-mm 2 mesh prior to use. Two newly germinated, conspecific Trifolium seedlings were planted 45 mm apart and grown in glasshouse conditions (mean daily temperature: minimum, 17 . 3 8C + 0 . 2 8C, maximum, 22 . 6 8C + 0 . 2 8C; 12-h day : night) for 7 d. At this time two newly emerged lettuce seedlings ('Tom Thumb') were planted 45 mm apart in the same pot, perpendicular to the Trifolium seedlings (such that all four seedlings were arranged in a square). Lettuce seedlings, cultivated simultaneously in large plastic trays containing commercial potting compost, were used to ascertain the relative acceptability of the 'test' species and allow comparison between Trifolium congeners with reference to the same 'index' species (Fenner et al., 1999) . Rapid development of lettuce seedlings compared with the test species meant that 7-d-old seedlings were at approximately the same ontogenetic stage as 14-d-old test seedlings. When the test seedlings were 14 d old they were exposed to herbivory by snails (Helix aspersa). Five replicate pots for each Trifolium species were sunk into large plastic propagator trays (350 Â 215 Â 70 mm deep) filled with commercial potting compost, such that the top of each pot was flush with the level of the compost. One pot was placed into the centre of each tray, with the remaining four pots located in the tray corners. This arrangement was replicated ten times for each Trifolium species. Four snails (Helix aspersa) of uniform size (approx. 3 cm diameter) were then added to each tray and retained overnight (approx. 16 h) using a clear plastic propagator lid (350 Â 215 Â 115 mm deep). The total number of Trifolium test species and lettuce index seedlings attacked by snails was determined for each replicate tray (all attacked seedlings suffered 100 % aboveground tissue loss). These values were used to calculate an acceptability index (AI) for Trifolium seedlings within individual trays, based on the formula given by Fenner et al. (1999) Average AI for T. pratense and T. repens was then calculated across all ten replicate trays for each species. Contemporaneously with the seedling acceptability trial, seedling growth was quantified by planting one newly germinated seedling into the centre of a 50-mm-diameter pot containing rendzina. Twelve seedlings of each Trifolium species were grown in the same glasshouse conditions until 14 d old before being removed from the pots, cleaned of any adhering soil and oven-dried for 24 h at 60 8C. Dry weight biomass was then quantified for each seedling. Following the reasoning of Kelly and Hanley (2005) , absolute size at 14 d old was used rather than other commonly employed measures of plant growth such as relative growth rate to compare seedling competitive ability. Although absolute size naturally incorporates differences in relative growth rate between species, it also allows for the effects of initial seed mass on seedling competitive ability: larger seeded species often produce larger, more competitive seedlings (Westoby et al., 1996) .
Snail herbivory and Trifolium seedling competition
Trifolium seedlings were germinated in Petri dishes as described above. Immediately following appearance of the radicle, seedlings were transferred to 110-mm-diameter pots containing rendzina. Eleven seedlings of each species were planted together into a regular hexagonal array, such that each was 20 mm away from its closest neighbour. Seedlings were also positioned in the same stratified, random configuration in each of the 24 pots. By using this arrangement, it was ensured that patterns of association between the two species which might otherwise affect seedling selection by molluscs (Hanley, 2004) , or competitive interactions between neighbouring seedlings (Hanley and Groves, 2002) , were held constant between treatments. The seedlings were grown in glasshouse conditions (mean daily temperature: minimum, 18 . 1 8C + 0 . 2 8C, maximum, 22 . 1 8C + 0 . 1 8C; 12-h day : night) for 14 d. At this time each of the 24 pots was sunk into a plastic box (390 Â 273 Â 90 mm deep) such that top of the pot was flush with the compost that filled it. Variation in the intensity of herbivore pressure was simulated by allowing two, five or ten snails (Helix aspersa) to graze the seedlings in each pot overnight, with snails being retained by means of a plastic propagator lid (350 Â 215 Â 115 mm deep). There were six replicates of each snail density treatment along with a similar number of ungrazed controls. Following snail removal, the number of surviving seedlings was noted before pots were randomly arranged on a glasshouse bench and the remaining plants cultivated for a further 106 d (mean daily temperature: minimum, 18 . 2 8C + 0 . 2 8C; maximum, 22 . 0 8C + 0 . 2 8C; 12-h day:night). At this time all plants were harvested, cleaned of any adhering soil and oven-dried for 24 h at 60 8C before being weighed.
Estimating plant size variation
The most commonly employed method for quantifying PSV is the Gini coefficient (Weiner and Solbrig, 1984; Damgaard and Weiner, 2000; Hanley and Groves, 2002) . In this approach, individuals are ranked according to biomass and the cumulative percentage of biomass is plotted against the cumulative percentage of the population. Perfect equality results in a diagonal line from the origin to the upper right-hand corner; deviation from the diagonal represents inequality in size distribution, quantified as the ratio of the area between the diagonal and the curve -the Gini coefficient (Weiner and Solbrig, 1984) . Thus, G has a maximum value of 1 . 0 in an infinite population where all individuals except one have zero biomass, and 0, where all individuals have exactly the same biomass. In studies such as the present one where the analysis of PSV is confounded by mortality, Weiner (1993) suggests allocating plants killed by herbivory a size equal to zero. Given the likelihood that snails would be expected to chose seedlings based on size (Hanley et al., 1995b ) thus further confounding the effect of herbivory on PSV as smaller seedlings would be selectively killed, Weiner's suggestion (Weiner, 1993) was followed here.
Size inequality for whole -plant dry weight biomass for n plants having a mean weight was determined by calculating the Gini coefficient:
G values were multiplied by n/(n -1) to provide unbiased values (G'; Weiner and Solbrig, 1984) . Mean G' was calculated for both Trifolium species across the six replicate pots within each snail treatment.
RESULTS
There were clear differences in relative seedling size and seedling acceptability between the two Trifolium species (Fig. 1) . Following data transformation [ln(x þ 1) 'seedling size', and arcsine 'seedling acceptability'] and application of a Cochran test to ensure homogeneity of variances (Underwood, 1997) , one-way ANOVA revealed that T. pratense seedlings were much larger than T. repens seedlings (F 1,22 ¼ 76 . 26 P , 0 . 0001), but also more susceptible to snail herbivory (F 1,18 ¼ 5 . 22, P ¼ 0 . 035). These results provide evidence for a trade-off between seedling defence and competitive ability in the congeneric pair; i.e. the larger, dominant competitor is also more susceptible to herbivore attack.
Following application of a Cochran test and data transformation where necessary, two-way ANOVA was used to examine the interactive effects of snail number and Trifolium species identity on seedling mortality at 14 d old, mean plant dry weight biomass, and PSV in the mixed plantings. Seedling mortality at 14 d old (Fig. 2) increased with snail number (F 3,40 ¼ 103 . 77, P , 0 . 0001 -after arcsine transformation), but did not vary between species (F 1,40 ¼ 3 . 02, P ¼ 0 . 09), nor was there any significant interaction (F 3,40 ¼ 0 . 79, P ¼ 0 . 51) between factors. No seedling deaths were recorded in the ungrazed treatment, while mortality exceeded 97 % for both species when pots were exposed to ten snails. Seedling mortality was also high for both species in the five-snail treatment. All but a single T. repens individual was eaten in four of the six replicate pots, and all but two T. pratense seedlings (within one replicate pot) were consumed by snails. For plants initially subject to snail herbivory (data not shown), remarkably few plants died over the next 106 d. However, mortality increased from zero at 14 d old to 7 . 6 % (+4 . 3 s.e.) for T. pratense and 16 . 7 % (+6 . 8 s.e.) for T. repens plants in the established, ungrazed pots.
Variation in snail number at 14 d old had a significant effect on total mean plant dry weight biomass (F 3,40 ¼ 6 . 93, P ¼ 0 . 007) for mature plants (Fig. 3) . Although the 'species' effect was negligible (F 1,40 ¼ 0 . 02, P ¼ 0 . 564), there was a highly significant interaction between factors (F 3,40 ¼ 15 . 1, P , 0 . 001). When differences were compared between treatment means for the two Trifolium species using S-N-K tests (Underwood 1997 ), significant (P , 0 . 01) differences were found between the total biomass of T. pratense and T. repens plants in both the ungrazed and five snail treatments. However, the relative composition of the two Trifolium species varied dramatically between these two treatment groups. In the ungrazed treatment, pots were almost totally dominated by T. pratense, while the composition of the five snail treatment pots was heavily biased towards T. repens.
Individual plant biomass (Fig. 4) was greatly affected by snail number [F 3,40 ¼ 44 . 11, P ¼ 0 . 003 -after ln(x þ 0 . 001) transformation], and showed significant variation between species (F 1,40 ¼ 5 . 05, P ¼ 0 . 03). There was also a significant interaction between factors (F 3,40 ¼ 4 . 34, P ¼ 0 . 01), although S-N-K tests revealed a significant (P , 0 . 001) difference between individual T. pratense and T. repens plant biomass in the five-snail treatment only. While a relatively large number of T. pratense plants dominated the biomass of ungrazed pots, their individual size was small relative to the few very large T. repens plants that dominated the five snail treatment pots. This variability in plant size is further highlighted in the G'-values derived for plants in these treatments (Fig. 5) . Due to high plant mortality and many replicate pots having no individuals present at harvest (thus G' could not be calculated), mean G' was compared for ungrazed and two-snail treatments only. However, PSV was reduced when seedlings were exposed to snail herbivory (F 1,17 ¼ 20 . 94, P , 0 . 0001 after arcsine transformation), an effect consistent for both species ('species' F 1,17 ¼ 0 . 07, P ¼ 0 . 790; 'snail number' Â 'species' interaction F 1,17 ¼ 0 . 165, P ¼ 0 . 690).
DISCUSSION
Having found evidence for a growth-defence trade-off for the sympatric Trifolium seedlings, our hypotheses predicted that:
(1) variation in the intensity of seedling herbivore pressure would differentially affect the recruitment success of the two species into the mature phase, and (2) seedling herbivory would influence recruitment through its effect on plant size hierarchies. Despite small differences in mortality suffered by the two species at 14 d old, shifts in community composition from dominance in ungrazed pots by T. pratense (more competitive but herbivore-sensitive), through species co-dominance at intermediate herbivory (two-snails), to dominance by T. repens (weaker competitor, but less herbivoresensitive) in the more intensively grazed (five-snail) treatment, offers strong support for hypothesis 1. Dominance of the five-snail treatment by T. repens was inevitable given that all except two T. pratense seedlings ( present in one replicate pot) had been consumed by snails. However, in accordance with the earlier study by Weiner (1993) , we also found that herbivory increased PSV between the zero-and two-snail treatments. Weiner (1993) ascribed this effect to preferential snail selection of small plants; thus large plants were left intact to grow alongside the remaining small plants, an initial discrepancy in size which was amplified as competition proceeded. Indeed, selective herbivory upon small seedlings has been observed (Hanley et al., 1995b) , an effect that may be ascribed in part to an increase in chemical defence with seedling ontogeny (Boege and Marquis, 2005; Elger et al., 2009) . Consequently similar intra-specific size-based selection by snails was likely here, although initial differences in size for 14-d-old seedlings would have been much less than those in Weiner's study where older plants were used. Moreover in the present study, size-based selection is partly confounded by the fact that snails showed a general preference for larger (more acceptable) T. pratense seedlings. It is probable, however, that having opted to feed on one or other Trifolium species, snails preferentially selected the smaller seedlings of each. However, since PSV increased simultaneously and by about the same magnitude for both Trifolium species when seedlings were exposed to herbivory, the present data do not support hypothesis 2; i.e. variation in PSV does not explain how seedling herbivory influences competition between two establishing species.
Despite the fact that the wholesale removal of T. pratense seedlings by snails played a more prominent role in interspecific interactions than their influence on PSV, this study nonetheless highlights an important interaction between seedling herbivory and plant competition. Although many studies have shown how selective seedling herbivory impacts upon plant community composition (Hanley et al., 1995a (Hanley et al., , 1996a Howe et al., 2002; Asquith and Mejia-Chang, 2005; Beckage and Clarke, 2005) , the precise mechanism underpinning this process has more often been assumed than demonstrated. It is shown here how an interaction between a growth-defence trade-off at the seedling stage and variation in the intensity of herbivore pressure (snail number), conspires to dictate which of two sympatric competitors dominated a synthesized plant community. Moreover, although based on a relatively short-term glasshouse study involving only two species, this study also addresses concepts relevant to species coexistence in natural plant communities. Alongside environmental variation in resource availability and species-specific differences in resource requirements, plant coexistence is widely believed to depend upon environmental fluctuations that permit spatially and temporally segregated establishment of species with different sensitivities to factors causing juvenile mortality (Connell, 1971; Chesson, 1986; Tilman, 1994; Pacala and Tilman, 1994; Kelly and Bowler, 2002) . It is also well established that plant survival during the regeneration phase is an important bottle-neck for recruitment to the adult stage; a combination of disease, herbivory, nutrient limitation, competition and other stresses limit early growth and often result in exceptionally high mortality for entire seedling cohorts (Grubb, 1977; Moles and Westoby, 2004; Fenner and Thompson, 2005) . As the primary agent of mortality for most seedlings (Moles and Westoby, 2004) it is not unreasonable therefore to assume that spatial, seasonal or yearly shifts in herbivore pressure are a prime cause of fluctuation in plant regeneration success. However, while spatiotemporal variation in predation is firmly encapsulated within mainstream species-coexistence theory (Caswell, 1978; Chase et al., 2002; Kuang and Chesson, 2009) , only the JanzenConnell hypothesis (Janzen, 1970; Connell, 1971) specifically considers the role of spatio-temporal fluctuation in seedling predation as a foundation for plant coexistence.
The present study shows how a growth-defence trade-off and simulated spatio-temporal variation in the intensity of seedling herbivory can significantly influence the outcome of seedling regeneration success. At the ecosystem-scale we suggest that where spatio-temporal variation in seedling herbivory is common, one might consequently expect to find high plant species diversity. This hypothesis is all the more compelling given the considerable variation in seedling growth and defence traits (Grime et al., 1997; Elger et al., 2009) and recent support for inter-specific growth-defence trade-offs at the seedling stage (Fine et al., 2004 (Fine et al., , 2006 Kelly and Hanley, 2005) . We note, however, that in some instances the interaction between predation and competition may be more complex than the relationship demonstrated here. Recent work, for example, has shown that natural enemies such as herbivores can undermine species coexistence as well as promote it (Chesson and Kuang, 2008; Kuang and Chesson, 2009) . Nevertheless, it is illustrated here how spatiotemporal variation in herbivory and an ecophysiological link between seedling competition and anti-herbivore defence can be integrated to explain how seedling herbivory impacts on plant species coexistence. The task now remains for ecologists working in natural plant communities to demonstrate whether this interaction can result in the stable equilibrium of plant species within the established plant community.
